We describe here the structure, determined at 2.8 Å resolution, of a heterohexameric complex, 1 3 3 3 , from tended loops beneath the 1 trimer allow variable contacts between the T ϭ 13l icosahedral lattice of the 1 human reovirus type 1 Lang (T1L). The 1 chains in the crystals have been cleaved autolytically into 1N and shell and proteins of the reovirus core. In the crystals, the 1 polypeptide chain has been cleaved into 1N 1C. The myristoylated 1N fragments are tightly integrated into the folded structure, such that a significant and 1C fragments (Nibert et al., 1991) . The N-terminal myristoyl group of 1 attached to Gly2, present in the conformational rearrangement, a large-scale "myristoyl switch," is required to release them. Atomic coordinates recombinant 1 used for crystallization as verified by MALDI-TOF mass spectrometry of the N terminally for 200 copies of the 1 3 3 3 heterohexamer can be positioned in an 18 Å resolution density map of the virion, blocked 1N (data not shown), is disordered in the electron density together with residues 2-9. Instead, we find derived from electron cryomicroscopy. Inclusion of the crystallographically determined structure of the reovirus a well-ordered ␤-octyl glucoside molecule tucked into a long hydrophobic pocket in 1, close to the first ordered core (Reinisch et al., 2000) generates a quasi-atomic model for a 100 MDa assembly-the entire icosahedrally N-terminal residue, Thr10. The C-terminal 33 residues of 1 (676-708) are also disordered in the crystal. On ordered part of a virion. The ensemble of structural observations leads to a model for how the nonenveloped the virion surface, they are in proper position to interact with C-terminal tails from adjacent trimers (see section reovirus particle initiates penetration of the endosomal or plasma membrane of the host cell during infection.
"Fit of the 1 3 3 3 molecular model into the low-resolution structure of a virion," below)
Results and Discussion
The 1 Subunit Preparation, Crystallization,
The 1 polypeptide chain folds into four distinct domains and Structure Determination of density at the center of each ring of six 1 3 3 3 comThe structure of 1 3 3 3 and its interactions in the surface of the ISVP indicate likely steps in the molecular plexes ( Figure 6A ). This feature is at approximately the mechanism of penetration. The tight insertion of 3 besame radial position in the particle as the last welltween adjacent 1 subunits in the heterohexamer shows ordered 1 residue, Pro 675, and the distance between that 3 removal will indeed destabilize the 1 trimer and Pro 675 and the center of the blob is about 16 Å . We suggests why proteolysis is required to extract 3. The therefore propose that the six C-terminal tails of 1 that lattice contacts within the surface of the ISVP, revealed project toward a local 6-fold axis in the virion form a by the fit of the heterohexamer into the cryoEM map, and small, globular domain. This domain might, for example, the inferred interactions of 1 C-terminal tails, including resemble the ␤ annulus formed by N-terminal arms of proposed disulfide bridges, prevent immmediate conquasi-6-fold related subunits in CCMV (Speir et al., formational rearrangement of 1, once 3 departs. As 1995). Cys679, of 1, would probably take part in the we discuss above, the timing of 1 cleavage is uncertain, proposed globular structure. , 2000) . insert, it is probably essential for the ␤-jelly-roll domains of a trimer to separate from each other and to move away Proton binding catalyzes the change by lowering the barrier between the metastable "mature" structure and from the 3-fold axis. Otherwise, domains I-III would have to project around the sides of the jelly-roll trimer, or the the rearranged, "low-pH" structure. Exposure of a myristoylated, internal peptide or interentire assembly would have to turn "upside down."
1997). For the largely helical domains I-III to refold and triggers an irreversible conformational rearrangement that induces membrane fusion (Skehel and Wiley
The properties of certain ethanol-resistant mutants of nal protein is a conserved feature of viral entry in several groups of nonenveloped viruses. Picornavirus maturareovirus (Hooper and Fields, 1996b) are consistent with the suggestion just made, that the jelly-roll domains tion includes an autolytic cleavage step, which creates an internal, myristoylated peptide known as VP4 (about separate during a penetration-inducing conformational change. The mutations, which all map to 1, also make 65 residues). VP4 is liberated when association of the virion with its receptor catalyzes an expansion of the the particle more thermostable and reduce the capacity of ISVPs to mediate 51 Cr release from cells (Hooper and virus particle (Racaniello, 2001 ). VP4 is known to have a role in picornavirus penetration, but the specific mechFields, 1996b). It is therefore likely that they hinder rearrangements in 1 essential for perforating membranes anism by which it assists transfer of the altered virion or of the viral genome into the cytoplasm is not at present and for facilitating viral penetration. All of these mutations are in residues on the surface of the 1 jelly-roll understood. The common features of picornavirus and reovirus biochemistry are striking: an essential, autolytic domain. Some face the hydrophilic channel along the 3-fold axis, where they might produce the observed step generates a sequestered, myristoylated segment that emerges as part of the penetration process. Morephenotype by stabilizing the trimer itself and preventing the postulated separation of jelly-roll domains. Others over, in both cases, the cleavage itself may render the native structure metastable, and a defined, biologically lie at positions of contact between adjacent trimers in the ISVP surface, where they might stabilize the T ϭ 13l significant event (receptor binding in the case of the picornaviruses, an as yet undetermined interaction in lattice contacts and have a similar effect. The network of 1 contacts within this surface lattice would be exthe case of the reoviruses) triggers exposure, and presumably membrane targeting, of the myristoylated peppected to impart marked cooperativity to any 1 conformational change. Thus, a large number of 1 trimers would tide. Polyomaviruses also contain an internal, myristoylated protein, known as VP2. A mutation that prevents rearrange simultaneously, leading to endosomal membrane disruption or to formation of a "penetration pore. annealing and positional refinement, initially with strict NCS con-1999; Chen and Bahl, 1991). Briefly, Sf21 cells were grown and straints and later with tight NCS restraints, using 5% of the data infected as described above, but 8 hr postinfection, the growth for cross validation. After several rounds of refinement and model medium was exchanged for depletion medium (Grace's medium building, waters were built automatically using CNS. We used PROwithout L-methionine [Life Technologies] supplemented with 5% CHECK (Laskowski et al., 1993) to analyze the stereochemistry of [v/v] dialyzed fetal bovine serum [Sigma]). Seleno-L-methionine the final model; 86.5% of the backbone dihedral angles were in the (Sigma) was added to a final concentration of 50 g/ml at 17 hr most favorable region, 13.2% in the favorable region, and 0.2% in the postinfection, prior to observation of significant expression levels unfavorable region of a Ramachandran plot. The rms differences to of 1 3 3 3 by immunoblot with a 1 3 3 3 -specific polyclonal antibody the reference set are 0.041 Å and 0.034 Å for the three 3 molecules (Millbrook Breeding Labs). Cells were harvested 70 hr postinfection; and 0.028 Å and 0.029 Å for the three 1 molecules, respectively. the protein was purified as described using degassed buffers with the addition of 10 mM DTT. Incorporation of SeMet was determined by electrospray mass spectrometry and amino acid analysis to be Fit of the 1 3 3 3 Model into the Virion Image Reconstruction from Electron Microscopy 100% for both 1 and 3.
For the Hg derivative of 1 3 3 3 , cysteine was substituted for the The 1 3 3 3 structure was positioned visually into the image reconstruction of a T1L virion at 18 Å resolution at the symmetry-indepennonconserved 3 residue Ala104, seen from a fit of the 3 structure 
